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*Abbreviations used in this paper:* CFTR, cystic fibrosis transmembrane conductance regulator; M, transmembrane segment; MSD, membrane-spanning domain; NBD, nucleotide-binding domain; PP~i~, pyrophosphate.

INTRODUCTION
============

The cystic fibrosis transmembrane conductance regulator (CFTR; [@bib45]) is a phosphorylation-regulated Cl^−^ channel that plays a central role in transepithelial fluid and electrolyte transport ([@bib11]; [@bib48]). The characteristic behavior of CFTR is determined by the function of the different domains from which CFTR is assembled. These include the two membrane-spanning domains (MSDs) that are each composed of six transmembrane segments, the two nucleotide-binding domains (NBDs) that each contain motifs which interact with ATP, and the unique R (regulatory) domain that contains multiple consensus phosphorylation sites and many charged amino acids. The MSDs assemble to form the Cl^−^-selective pore while the NBDs and R domain control CFTR channel gating ([@bib11]; [@bib48]).

In cell-attached membrane patch recordings, the single-channel current-voltage (I-V) relationship of CFTR outwardly rectifies ([@bib2]; [@bib50]). [@bib2] attributed this outward rectification to Goldman-type rectification caused by the Cl^−^ concentration gradient. However, subsequent studies have offered alternative explanations. First, [@bib40] proposed that rectification is a function of the concentration and permeability of anions within the cell. Second, [@bib10] attributed rectification to high frequency gating of the CFTR Cl^−^ channel at negative voltages. Third, studies by a number of investigators have demonstrated that large anions cause a voltage-dependent block of the CFTR Cl^−^ channel when they are present in the intracellular solution ([@bib38]; [@bib31]; [@bib47]; [@bib58]). These anions bind within a deep wide vestibule at the intracellular end of the CFTR pore to prevent Cl^−^ permeation ([@bib31]; [@bib47]; [@bib21]; [@bib58]). This block of the CFTR Cl^−^ channel by large intracellular anions is reminiscent of the effect of intracellular cations on inward-rectifier K^+^ channels (K~ir~ channels; [@bib20]). Inward rectification of these K^+^ channels is caused by voltage-dependent block by Mg^2+^ and polyamines found in the cytoplasm of the cell ([@bib51]; [@bib35]). Thus, as first proposed by [@bib50], the outward rectification of CFTR Cl^−^ channels observed in cell-attached membrane patches is likely caused by voltage-dependent block by large anions found in the cytoplasm of the cell ([@bib32], [@bib34]).

When inside-out membrane patches excised from cells expressing wild-type human CFTR are bathed in symmetrical Cl^−^-rich solutions, the single-channel I-V relationship of CFTR is linear (e.g., [@bib2]). However, we previously observed inward rectification of wild-type CFTR Cl^−^ currents in excised membrane patches from C127 cells expressing wild-type human CFTR ([@bib26]; [@bib3]). At negative voltages, the I-V relationship was linear, whereas at positive voltages, the I-V relationship exhibited inward rectification that was most marked at voltages above +50 mV ([@bib26]; [@bib3]). Using excised membrane patches from baby hamster kidney (BHK) cells expressing wild-type human CFTR, Linsdell and colleagues observed similar results in some studies ([@bib34]; [@bib30]), but not in others (e.g., [@bib28]; [@bib33]). Moreover, [@bib56] reported inward rectification of CFTR Cl^−^ channels reconstituted into planar lipid bilayers. In this study, we investigate the mechanism of inward rectification of the CFTR Cl^−^ channel. We employ voltage-ramp and -step protocols to study macroscopic and single-channel currents in excised inside-out membrane patches from cells expressing wild-type human and murine CFTR and kinetic modeling to analyze channel gating.

MATERIALS AND METHODS
=====================

Cells and Cell Culture
----------------------

For this study, we used mouse mammary epithelial (C127) cells stably expressing wild-type human CFTR and Chinese hamster ovary (CHO) cells stably expressing wild-type murine CFTR. C127 and CHO cells were gifts of Dr. C.R. O\'Riordan (Genzyme, Framingham, MA) and Dr. S.J. Delaney and Professor B.J. Wainwright (University of Queensland, Brisbane, Australia), respectively. Cells were cultured as described previously ([@bib47]; [@bib24]). For experiments using excised inside-out membrane patches, cells were seeded onto glass coverslips and used within 48 h.

Electrophysiology
-----------------

CFTR Cl^−^ channels were recorded in excised inside-out membrane patches using an Axopatch 200A patch-clamp amplifier (Axon Instruments, Inc.) and pCLAMP data acquisition and analysis software (version 6.04; Axon Instruments, Inc.) as described previously ([@bib18]; [@bib47]). The established sign convention was used throughout; currents produced by positive charge moving from intra- to extracellular solutions (anions moving in the opposite direction) are shown as positive currents.

Both the pipette (extracellular) and bath (intracellular) solutions contained (mM): 140 NMDG, 3 MgCl~2~, 1 CsEGTA, and 10 TES, adjusted to pH 7.3 with HCl, (\[Cl^−^\], 147 mM; free \[Ca^2+^\], \<10^−8^ M). Patch pipettes had resistances of 10--30 MΩ when filled with this solution. The intracellular solution was maintained at 37°C using a temperature-controlled microscope stage (Brook Industries).

After excision of inside-out membrane patches, we added the catalytic subunit of PKA (75 nM) and ATP (1 mM) to the intracellular solution within 5 min of patch excision to activate CFTR Cl^−^ channels. To prevent the rundown of CFTR Cl^−^ channels in excised membrane patches, we added PKA to all intracellular solutions. Unless otherwise indicated, membrane patches were voltage-clamped at −50 mV.

To investigate the voltage dependence of CFTR, we used either membrane patches containing large numbers of active channels or membrane patches containing five or less active channels. The number of channels in a membrane patch was determined from the maximum number of simultaneous channel openings observed during the course of an experiment, as previously described ([@bib24]). Using multichannel patches, we generated macroscopic I-V relationships by averaging currents generated by 15--30 ramps of voltage each of 2-s duration; holding voltage was −50 mV. Basal currents with no active CFTR Cl^−^ channels recorded in the absence of PKA (75 nM) and ATP (1 mM) were subtracted from those recorded in the presence of PKA and ATP to generate the I-V relationship of CFTR Cl^−^ currents. To generate ensemble currents, we applied the same voltage protocol used with multichannel patches to membrane patches containing five or less active channels 50--100 times. We subtracted basal currents recorded in the absence of PKA (75 nM) and ATP (1 mM) from currents recorded in the presence of PKA and ATP before averaging subtracted currents to generate the ensemble current. For single-channel studies of the voltage dependence of CFTR, voltage was stepped from −100 to +100 mV in 20-mV increments of 30--60 s duration. Alternatively, voltage was clamped at a single voltage for 2--4-min periods to acquire sufficient data for analyses of gating kinetics.

CFTR Cl^−^ currents were initially recorded on digital audiotape using a digital tape recorder (model DTR-1204, Biologic Scientific Instruments; Intracel Ltd.) at a bandwidth of 10 kHz. On playback, records were filtered with an eight-pole Bessel filter (model 902LPF2, Frequency Devices^TM^; SCENSYS Ltd.) at a corner frequency of 500 Hz and acquired using a Digidata 1200 interface (Axon Instruments, Inc.) and pCLAMP software at sampling rates of either 1.0 kHz (voltage-ramp protocols) or 5 kHz (single-channel studies). To determine whether a sampling rate of 1 kHz was suitable for the construction of I-V relationships, we compared the effects of acquiring voltage-ramp protocols at sampling rates of 1 and 5 kHz. [Fig. 1](#fig1){ref-type="fig"} B demonstrates that identical I-V relationships were obtained using the two different sampling rates.

To measure single-channel current amplitude (i), Gaussian distributions were fit to current amplitude histograms. Chord conductance was calculated by dividing unitary current by the difference between the applied voltage and the reversal potential. For open probability (P~o~) and kinetic analyses, lists of open open and closed times were created using a half-amplitude crossing criterion for event detection. Transitions \<1 ms in duration were excluded from the analyses. Single-channel open and closed time histograms were created using logarithmic *x*-axes with 10 bins decade^−1^. Histograms were fit with one or more component exponential functions using the maximum likelihood method. To determine which component function fitted best, the log-likelihood ratio test was used and considered statistically significant at a value of 2.0 or greater ([@bib52]). Burst analysis was performed as described by [@bib4], using a burst delimiter (t~c~; the time that separates interburst closures from intraburst closures) determined by analyses of closed time histograms ([Fig. 5, A and B](#fig5){ref-type="fig"}). Closures longer than t~c~ were considered to define interburst closures, whereas closures shorter than this time were considered gaps within bursts. The mean interburst interval (T~IBI~) was calculated using the equation: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{P}}_{{\mathrm{o}}}={{\mathrm{T}}_{{\mathrm{b}}}}/{ \left \left({\mathrm{T}}_{{\mathrm{MBD}}}+{\mathrm{T}}_{{\mathrm{IBI}}}\right) \right {\mathrm{,}}}\end{equation*}\end{document}$$where T~b~ = (mean burst duration) × (open probability within a burst). Mean burst duration (T~MBD~) and open probability within a burst (P~o(burst)~) were determined directly from experimental data using pCLAMP software. T~MBD~ was determined from histograms of burst duration data plotted with logarithmic *x*-axes with 10 bins decade^−1^, P~o(burst)~ was calculated using burst duration and closed times within bursts data, and P~o~ was calculated as described previously ([@bib26]). Only membrane patches that contained a single active channel were used for single-channel kinetic analyses.

Modeling of Single-channel Kinetics
-----------------------------------

To perform maximum likelihood analysis and develop kinetic models of CFTR channel gating, we used the QuB software suite ([www.qub.buffalo.edu](http://www.qub.buffalo.edu); [@bib42]) to analyze data from membrane patches that contained only a single active channel as described previously ([@bib3]). In brief, digitized current records generated by pCLAMP software were imported with no further filtering and baseline corrected (program PRE). Using a recursive Viterbi algorithm (program SKM), idealized currents were produced. Finally, rate constants for kinetic models were calculated from the idealized current dwell time sequence using a maximum likelihood approach (program MIL). For consistency with analyses using pCLAMP software, transitions \<1 ms were excluded.

To investigate the voltage dependence of rate constants, we first calculated rate constants at equivalent positive and negative voltages from individual membrane patches. If rate constants are voltage dependent, the relationship between rate constant and voltage is described by the single exponential function: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{k}}={\mathrm{k}}_{{\mathrm{0}}}{\mathrm{Pexp}}^{ \left \left({\mathrm{k}}_{{\mathrm{1}}}{\mathrm{V}}\right) \right }{\mathrm{,}}\end{equation*}\end{document}$$where k is the unknown rate constant, k~0~ is the rate constant at unitary ligand concentration and zero voltage, P is the ligand concentration, and V is voltage. The term k~1~ is defined as: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{k}}_{{\mathrm{1}}}={{\mathrm{z}}_{{\mathrm{g}}}{\mathrm{q}}_{{\mathrm{e}}}}/{ \left \left({\mathrm{k}}_{{\mathrm{B}}}{\mathrm{T}}\right) \right {\mathrm{,}}}\end{equation*}\end{document}$$where z~g~ is the equivalent gating charge (defined as the product of the unit charge moved (z) times the fraction of the electric field (δ)), q~e~ is the elementary charge, k~B~ is the Boltzmann\'s constant, and T is the absolute temperature. The parameters k~1~ and k~0~ are intrinsic properties of the channel that do not vary with experimental conditions ([@bib43]). To determine k~0~ and k~1~, we simultaneously fitted combined sets of data obtained at equivalent positive and negative voltages (e.g., ±75 mV) from the same membrane patch. Because the ligand concentration (P) is constant under the experimental conditions employed (\[ATP\]~i~ = 1 mM), the value of P is assumed to be 1. Finally, using values of k~0~ and k~1~, we simulated the effects of voltage on rate constants over a wide range of voltages (program SIM; [@bib42], [@bib43]).

Reagents
--------

The catalytic subunit of PKA was purchased from Promega UK. ADP (disodium salt), ATP (disodium salt), pyrophosphate (tetrasodium salt), and TES were obtained from Sigma-Aldrich. All other chemicals were of reagent grade.

Statistics
----------

Results are expressed as means ± SEM of *n* observations. To compare sets of data, we used either a one-way analysis of variance (ANOVA) or Student\'s paired *t* test. Differences were considered statistically significant when P \< 0.05. All tests were performed using SigmaStat^TM^ (version 2.03; Jandel Scientific GmbH).

Online Supplemental Material
----------------------------

To investigate the possibility that inward rectification of CFTR Cl^−^ currents is caused by a component of the recording solutions, we examined the effect on CFTR of a number of factors in the bath and pipette solutions. These included the nature of the biological buffer (Fig. S1) and the monovalent cation used in our recording solutions (Figs. S2 and S3). Supplemental figures and text is available at <http://www.jgp.org/cgi/content/full/jgp.200308921/DC1>.

RESULTS
=======

Voltage Dependence of the CFTR Cl^−^ Channel
--------------------------------------------

To learn how voltage regulates the activity of CFTR, we studied CFTR Cl^−^ currents in excised inside-out membrane patches from C127 cells expressing wild-type human CFTR. We bathed membrane patches in symmetrical 147 mM Cl^−^ solutions and recorded membrane currents over the voltage range ±100 mV using a voltage-ramp protocol. [Fig. 1](#fig1){ref-type="fig"} A demonstrates that under basal conditions, the voltage ramp protocol evoked only tiny membrane currents. However, after the activation of CFTR Cl^−^ currents by cAMP-dependent phosphorylation, the voltage-ramp protocol elicited large membrane currents ([Fig. 1](#fig1){ref-type="fig"} A). To identify the membrane currents generated by CFTR, we subtracted the membrane currents recorded under basal conditions from those recorded following the addition of PKA (75 nM) and ATP (1 mM) to the intracellular solution. [Fig. 1](#fig1){ref-type="fig"} B shows the I-V relationship of these CFTR Cl^−^ currents. At negative voltages, the I-V relationship is linear, whereas at positive voltages, the I-V relationship exhibits weak inward rectification ([Fig. 1](#fig1){ref-type="fig"} B). This inward rectification of CFTR Cl^−^ currents is more clearly demonstrated in [Fig. 1](#fig1){ref-type="fig"} C, where data are expressed as a percentage of the current value at −100 mV. At voltages above +50 mV, current values diverge noticeably from the I-V relationship of an ion channel that obeys Ohm\'s law ([Fig. 1](#fig1){ref-type="fig"} C). These data indicate that CFTR Cl^−^ currents exhibit weak inward rectification when bathed in symmetrical Cl^−^-rich solutions.

![I-V relationship of CFTR Cl^−^ currents. (A) Current traces from an excised inside-out membrane patch from a C127 cell expressing wild-type human CFTR. The recordings were made in the absence (middle) and presence (bottom) of PKA (75 nM) and ATP (1 mM) in the intracellular solution. The basal recording is the current in response to a single ramp of voltage with no active CFTR Cl^−^ channels, whereas the recording in the presence of PKA + ATP is the average current of 30 ramps of voltage. Holding voltage was −50 mV and the membrane patch was bathed in symmetrical 147 mM NMDGCl solutions. The voltage ramp protocol used is shown and currents were acquired at a sampling rate of 1 kHz as described in the [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. (B) I-V relationship constructed by subtracting the basal trace from the PKA + ATP trace shown in A. The inset shows the I-V relationship of the same data acquired at a sampling rate of 5 kHz (abscissa: −100 to +100 mV; ordinate: −30 to +30 pA). (C) I-V relationship of CFTR Cl^−^ currents. Data are means ± SEM (*n* = 10) at each voltage calculated by expressing individual current values measured from −100 to +100 mV in 10-mV increments as a percentage of the current value at −100 mV. Error bars are smaller than symbol size. The continuous line is the fit of a second order regression to the data. The dotted line shows the predicted ohmic I-V relationship. Other details as in A.](200308921f1){#fig1}

To further investigate the inward rectification of CFTR, we studied single Cl^−^ channels. We reasoned that if the I-V relationship of individual CFTR Cl^−^ channels exhibits inward rectification, summation of single-channel currents should reproduce the rectification of macroscopic CFTR Cl^−^ currents. To test this hypothesis, we applied the same voltage protocol used to study macroscopic CFTR Cl^−^ currents to membrane patches containing five or less active channels. [Fig. 2](#fig2){ref-type="fig"} A shows the activity of a single CFTR Cl^−^ channel evoked by five ramps of voltage from −100 to +100 mV. Visual inspection of these single-channel records suggests that current amplitude at negative voltages is larger than that at positive voltages. Consistent with this idea, the ensemble current generated by averaging the single-channel currents elicited by 70 voltage ramps inwardly rectifies ([Fig. 2](#fig2){ref-type="fig"} B). Importantly, the extent of the inward rectification observed for the ensemble current agrees closely with that of macroscopic CFTR Cl^−^ currents ([Figs. 1](#fig1){ref-type="fig"} C and 2 C). For example, at +100 mV the magnitude of the macroscopic CFTR Cl^−^ current was 74 ± 2% (*n* = 10) of that at −100 mV while that of the ensemble current was 79 ± 3% (*n* = 5) of that at −100 mV (P \> 0.1). These data indicate that voltage-dependent changes in the single-channel activity of CFTR account for the inward rectification of macroscopic CFTR Cl^−^ currents.

![Summation of single-channel currents reproduces the rectification of macroscopic CFTR Cl^−^ currents. (A) Representative recordings of a single CFTR Cl^−^ channel in an excised inside-out membrane patch elicited by a depolarizing voltage ramp from −100 to +100 mV. ATP (1 mM) and PKA (75 nM) were continuously present in the intracellular solution. The dotted line indicates the zero current level. For the purpose of illustration, single-channel records were digitally refiltered at 100 Hz. (B) Ensemble current obtained by averaging 70 ramps of voltage from the same experiment as that shown in A. The continuous line is the fit of a second-order regression to the data. (C) I-V relationship expressed as a percentage of the current value at −100 mV. Data are means ± SEM (*n* = 5) at each voltage. Other details as in A and [Fig. 1](#fig1){ref-type="fig"}.](200308921f2){#fig2}

Effect of Voltage on the Single-channel Activity of CFTR
--------------------------------------------------------

In principal, the inward rectification of CFTR Cl^−^ currents might be caused by a voltage-dependent change in first, the number of active channels; second, current flow through open channels; third, channel gating and hence, P~o~. To discriminate between these different possibilities, we investigated the effect of voltage on the single-channel activity of CFTR. [Fig. 3](#fig3){ref-type="fig"} compares the activity of a single CFTR Cl^−^ channel phosphorylated by PKA and ATP at −75 and +75 mV. These single-channel records suggest that inward rectification was not caused by a decrease in the number of active channels present at positive voltages (*n* = 6; [Fig. 3](#fig3){ref-type="fig"}). On the contrary, the single-channel data suggest that inward rectification is caused by both a reduction in i and changes in gating behavior at positive voltages ([Fig. 3](#fig3){ref-type="fig"}).

![Effect of voltage on the single-channel activity of CFTR. Representative recordings of a single CFTR Cl^−^ channel at −75 mV (top) and +75 mV (bottom). ATP (1 mM) and PKA (75 nM) were continuously present in the intracellular solution. Dotted lines indicate the closed channel state. Downward and upward deflections correspond to channel openings at −75 mV and +75 mV, respectively. Each trace is 10-s long. For the purpose of illustration, single-channel records were filtered at 500 Hz and digitized at 1 kHz. Other details as in [Fig. 1](#fig1){ref-type="fig"} A.](200308921f3){#fig3}

The decrease in i at positive voltages is not readily apparent by visual inspection of single-channel records ([Fig. 3](#fig3){ref-type="fig"}). However, it is evident from single-channel current amplitude histograms and the I-V relationship of CFTR ([Fig. 4, A and B](#fig4){ref-type="fig"}) . [Fig. 4](#fig4){ref-type="fig"} A shows histograms of the distribution of current values at ±50 and ±75 mV. When compared with i values at negative voltages, the reduction in i at +50 mV was very slight and that at +75 mV was small ([Fig. 4](#fig4){ref-type="fig"} A). Nevertheless, like that of macroscopic CFTR Cl^−^ currents, the single-channel I-V relationship of CFTR weakly inwardly rectified at positive voltages ([Fig. 4](#fig4){ref-type="fig"} B). Consistent with these data, the chord conductance of CFTR decreased from 11.4 ± 0.3 pS at −100 mV to 10.0 ± 0.3 pS at +100 mV (*n* = 10; P \< 0.01; [Fig. 4](#fig4){ref-type="fig"} C).

![Single-channel conductance of CFTR. (A) Single-channel current amplitude histograms of a single CFTR Cl^−^ channel at the indicated voltages recorded using the conditions described in [Fig. 3](#fig3){ref-type="fig"}. At negative voltages (top), the closed-channel amplitude is shown on the right, whereas at positive voltages (bottom), the closed channel amplitude is shown on the left. Linear *x*-axes with 20 bins decade^−1^ were used for the histograms and the continuous lines represent the fit of Gaussian distributions to the data. The vertical dashed lines indicate the position of the open and closed channel levels at negative voltages. (B) Single-channel I-V relationship of CFTR. (C) Relationship between chord conductance and voltage for the data shown in B. Chord conductance was calculated as described in [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. Other details as in [Fig. 1](#fig1){ref-type="fig"}.](200308921f4){#fig4}

Comparison of the macroscopic and single-channel I-V relationships of CFTR ([Figs. 1](#fig1){ref-type="fig"} C and 4 B) suggests that the decrease in i at positive voltages is insufficient to account for the rectification of macroscopic CFTR Cl^−^ currents. For example, at +100 mV single-channel current amplitude (i) = 88 ± 2% of that at −100 mV (*n* = 10), whereas at +100 mV macroscopic current (I) = 74 ± 2% of that at −100 mV (*n* = 10; P \< 0.001). In agreement with these data, [Fig. 3](#fig3){ref-type="fig"} demonstrates that the pattern of channel gating at +75 mV differs strikingly from that observed at −75 mV. At negative voltages the gating behavior of CFTR was characterized by bursts of channel activity, interrupted by brief flickery closures, separated by longer closures between bursts ([Fig. 3](#fig3){ref-type="fig"}, top). In contrast, at positive voltages both the duration of bursts as well as the long closed periods separating bursts were decreased in length ([Fig. 3](#fig3){ref-type="fig"}, bottom).

To quantify the changes in gating behavior at positive voltages, we used membrane patches that contained only a single active channel. We analyzed histograms of open and closed times at ±75 mV to determine how voltage alters the distribution of open and closed times. At both −75 and +75 mV, open and closed time histograms of CFTR were best fitted with one- and two-component functions, respectively ([Fig. 5, A and B](#fig5){ref-type="fig"} , and [Table I](#tbl1){ref-type="table"}) . However, at positive voltages the distribution of open and closed times was altered in several ways. First, the open time constant (τ~O1~) was decreased by 52% ([Fig. 5, A and B](#fig5){ref-type="fig"}, and [Table I](#tbl1){ref-type="table"}). Second, the fast closed time constant (τ~C1~) that describes the flickery closures which interrupt channel openings was increased by 79%, while its share of the closed time distribution expanded slightly from 61 to 66% ([Fig. 5, A and B](#fig5){ref-type="fig"}, and [Table I](#tbl1){ref-type="table"}). Third, the slow closed time constant (τ~C2~) that describes the long closures which separate channel openings was decreased by 27%, while its share of the closed time distribution contracted slightly from 39% to 34% ([Fig. 5, A and B](#fig5){ref-type="fig"}, and [Table I](#tbl1){ref-type="table"}). As a consequence of these changes in channel gating, the number of events per minute at +75 mV was double that at −75 mV ([Table I](#tbl1){ref-type="table"}).

![Analysis of the dwell time histograms of a single CFTR Cl^−^ channel. (A and B) Representative open and closed time histograms for a single CFTR Cl^−^ channel recorded at −75 and +75 mV, respectively, using the conditions described in [Fig. 3](#fig3){ref-type="fig"}. For open time histograms, the continuous line is the fit of a one-component exponential function. For closed time histograms, the continuous line is the fit of a two-component exponential function. The dotted lines show the individual components of the exponential functions. Logarithmic *x*-axes with 10 bins decade^−1^ were used for both open and closed time histograms. (C) Burst duration (top), interburst interval (middle), and P~o~ (bottom) of CFTR at the indicated voltages. Columns and error bars indicate means ± SEM (*n* = 10) at each voltage. For the P~o~ data, filled circles connected by lines represent individual experiments and the open circles are means ± SEM (*n* = 10). The asterisks indicate values that are significantly different from the −75 mV data (P \< 0.05). Burst duration and interburst interval were calculated as described in [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. Other details as in [Fig. 1](#fig1){ref-type="fig"}.](200308921f5){#fig5}

###### 

Effect of Voltage on the Open and Closed Time Constants of Wild-type CFTR Cl^−^ Channels

  Voltage (mV)             −75              +75
  ------------------------ ---------------- ---------------
  τ~O1~ (ms)               72.13 ± 4.45     34.97 ± 3.50
  τ~C1~ (ms)               1.78 ± 0.03      3.19 ± 0.14
  τ~C2~ (ms)               119.05 ± 12.15   86.73 ± 10.32
  Area under curve τ~C1~   0.61 ± 0.02      0.66 ± 0.02
  Area under curve τ~C2~   0.39 ± 0.02      0.34 ± 0.02
  Events per minute        965 ± 49         1,929 ± 262
  Total time (s)           939              614

Open and closed time constants were measured at the indicated voltages by fitting one- and two-component exponential functions to open and closed time histograms as described in [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. Area under curve indicates the proportion of the total closed time distribution that corresponds to either τ~C1~ or τ~C2~. Events per minute represent the number of transitions between the open and closed states within one minute. The total time analyzed at each voltage is shown, and in each patch ∼2,000 events were analyzed at each voltage. Values are means ± SEM of *n* = 10 at each voltage. Measurements were made using the conditions described in [Fig. 3](#fig3){ref-type="fig"}.

To further investigate the changes in gating behavior at positive voltages, we performed an analysis of bursts using a burst delimiter (t~c~) determined as the nadir between the two populations of channel closures ([Fig. 5, A and B](#fig5){ref-type="fig"}, and [Table I](#tbl1){ref-type="table"}; [@bib4]; [@bib25]). At −75 mV, t~c~ = 11.26 ± 0.32 ms (*n* = 10), whereas at +75 mV, t~c~ = 18.97 ± 0.85 ms (*n* = 10). The large difference between the fast and slow time constants at both negative and positive voltages, suggests that errors caused by misclassification of bursts should be rare. [Fig. 5](#fig5){ref-type="fig"} C demonstrates that both burst duration and interburst interval were significantly decreased at +75 mV (P \< 0.001). As a result, the P~o~ of CFTR at +75 mV was only slightly decreased compared with the value at −75 mV, although the difference was statistically significant (P = 0.002; [Fig. 5](#fig5){ref-type="fig"} C). These data suggest that voltage alters the gating behavior of the CFTR Cl^−^ channel without noticeably changing P~o~.

Thus, our data suggest that the single-channel behavior of CFTR accounts for the rectification of CFTR Cl^−^ currents. CFTR Cl^−^ current is determined by the product of the number of CFTR Cl^−^ channels in the membrane patch (N), the single-channel current amplitude (i), and the probability (P~o~) that a single channel is open: I^CFTR^ = N × i × P~o~. If we set each of these variables to 100% for the −100 mV data, we can compare the CFTR Cl^−^ current generated at −100 and +100 mV. [Table II](#tbl2){ref-type="table"} presents values of each variable, the predicted CFTR Cl^−^ current determined by calculating N × i × P~o~ and the observed value of CFTR Cl^−^ current. Differences between the observed and predicted values are likely accounted for by using data at ±75 mV and not ±100 mV to calculate P~o~ and the subtraction of basal currents.[1](#fn1){ref-type="fn"} Nevertheless, the predicted and observed values agree closely.

###### 

Comparison of Predicted CFTR Cl^−^ Current, N × i × P~o~, and Measured CFTR Cl^−^ Current at −100 and +100 mV

  V    N    i    P~o~   N × i × P~o~   I^CFTR^
  ---- ---- ---- ------ -------------- ---------
  mV   \%   \%   \%     \%             \%

N, the number of CFTR Cl^−^ channels in the membrane patch; i, single-channel current amplitude; P~o~, open-probability. To estimate N, we used data from [Fig. 3](#fig3){ref-type="fig"}, and to estimate P~o~, we used data from [Fig. 5C](#fig5){ref-type="fig"}, where voltage was either −75 or +75 mV. The predicted CFTR Cl^−^ current has been corrected for the outward rectification of basal currents (see footnote 1).

Voltage Changes the Gating Kinetics of CFTR
-------------------------------------------

To understand better how voltage changes the pattern of channel gating, we used maximum likelihood analysis and kinetic modeling. Using this approach, [@bib52] demonstrated that the gating kinetics of single phosphorylated wild-type CFTR Cl^−^ channels are described equally well by the linear three-state schemes shown in [Figs. 6](#fig6){ref-type="fig"} A and 7 A. In these schemes, C~1~ represents the long duration closed state separating channel openings, C~2~ the brief flickery closures that interrupt channel openings, and O the open state. Transitions between the three states are described by the rate constants β~1~, β~2~, α~1~ and α~2~. Using the C~1~↔C~2~↔O kinetic scheme, intracellular ATP regulates CFTR at the transition between C~1~ and C~2~: as the ATP concentration is raised, β~1~ increases ([@bib52]). In contrast, none of the other transition rates were altered significantly by ATP ([@bib52]). Similar analyses of our own data support this model of ATP-dependent regulation of CFTR channel gating ([@bib3]). They also suggest that using the C~1~↔O↔C~2~ kinetic scheme, intracellular ATP regulates CFTR at the transition between C~1~ and O with β~1~ increasing at elevated ATP concentrations while the other rate constants remain unchanged (unpublished data). As the gating behavior of CFTR is equally well described by the kinetic schemes C~1~↔C~2~↔O and C~1~↔O↔C~2~, we used both schemes to determine how voltage regulates CFTR channel gating.

![Effect of voltage on the rate constants of the C~1~↔C~2~↔O kinetic scheme. (A) The C~1~↔C~2~↔O kinetic scheme that describes CFTR channel gating ([@bib52]). States C~1~, C~2~, and O represent two closed states and one open state, respectively, while β~1~, β~2~, α~1~, and α~2~ represent the rate constants describing transitions between these states. States enclosed within the dashed box represent the bursting state. (B) Rate constants at the indicated voltages determined by the maximum likelihood fit to the model shown in A. Data are means ± SEM (*n* = 6) at each voltage. The asterisks indicate values that are significantly different from the −75 mV data (P \< 0.05). (C) The relationship between the rate constants β~1~ (filled circles), β~2~ (filled diamonds), α~1~ (open circles) and α~2~ (open diamonds) and voltage for the C~1~↔C~2~↔O model. Values are means ± SEM (*n* = 5--6) at each voltage. The continuous lines represent fits of the single exponential function k=k~0~Pexp^k~1~V^ ([Eq. 2](#eqn2){ref-type="disp-formula"}) as described in the [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. Other details as in [Fig. 1](#fig1){ref-type="fig"} and [Table III](#tbl3){ref-type="table"}.](200308921f6){#fig6}

[Fig. 6](#fig6){ref-type="fig"} B shows the rate constants for the C~1~↔C~2~↔O kinetic scheme ([Fig. 6](#fig6){ref-type="fig"} A and [@bib52]) at −75 and +75 mV calculated using the QuB software suite ([www.qub.buffalo.edu](http://www.qub.buffalo.edu); [@bib42]). When compared with the −75 mV data, α~1~ was decreased by 53% at +75 mV, α~2~ was increased by 88%, β~2~ was decreased by 24%, but β~1~ was unchanged. The duration of bursts is influenced first by α~1~, the rate constant that determines the velocity with which the channel leaves the bursting state, and second by α~2~ and β~2~, the rate constants that control opening and closing transitions within the bursting state (see [Eq. 4](#eqn4){ref-type="disp-formula"}). The decrease in α~1~ delays the exit from the bursting state and hence, increases the duration of bursts at +75 mV. In contrast, the decrease in β~2~ and particularly the increase in α~2~ both act to decrease the duration of bursts at +75 mV. Thus, the data suggest that depolarized voltages produce reciprocal changes in α~1~ and the rate constants within the bursting state (i.e., α~2~ and β~2~) that tend to offset each other.

[Fig. 7](#fig7){ref-type="fig"} B shows the rate constants for the C~1~↔O↔C~2~ kinetic scheme ([Fig. 7](#fig7){ref-type="fig"} A and [@bib52]) at −75 and +75 mV. When compared with the −75 mV data, α~1~ was increased by 27% at +75 mV, β~1~ was increased by 29%, β~2~ was increased by 118% and α~2~ was decreased by 34%. As with the C~1~↔C~2~↔O kinetic scheme, the duration of bursts in the C~1~↔O↔C~2~ model is influenced by α~1~, α~2~, and β~2~ (see Eq. (5)). However, unlike the C~1~↔C~2~↔O kinetic scheme, the changes in α~2~ and β~2~ have little effect on burst duration at +75 mV while the increase in α~1~ accelerates the rate of exit from the bursting state and hence, decreases the duration of bursts at +75 mV. Similarly, the increase in β~1~, the rate constant that determines the velocity with which the channel enters the bursting state, causes a reduction in the interburst interval at +75 mV.

![Effect of voltage on the rate constants of the C~1~↔O↔C~2~ kinetic scheme. (A) The C~1~↔O↔C~2~ kinetic scheme that describes CFTR channel gating ([@bib52]). (B) Rate constants at the indicated voltages determined by the maximum likelihood fit to the model shown in A. (C) The relationship between the rate constants β~1~ (filled circles), β~2~ (filled diamonds), and α~1~ (open circles) and voltage for the C~1~↔O↔C~2~ scheme. The inset shows the relationship between the rate constant α~2~ and voltage for the same scheme. Other details as in [Fig. 6](#fig6){ref-type="fig"} and [Table IV](#tbl4){ref-type="table"}.](200308921f7){#fig7}

To investigate whether the changes in rate constants counteract each other, we used the rate constants for the C~1~↔C~2~↔O and C~1~↔O↔C~2~ kinetic schemes to calculate values of (i) burst duration, (ii) mean duration of gaps within bursts, (iii) interburst interval, and (iv) P~o~ and compared these values with those derived using pClamp software. First, using the kinetic scheme C~1~↔C~2~↔O, mean burst duration is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 4](#eqn4){ref-type="disp-formula"}, mean burst duration decreased from 158 ± 17 ms (*n* = 6) at −75 mV to 130 ± 18 ms (*n* = 6) at +75 mV, a decrease of 18% (P \< 0.05). Using the kinetic scheme C~1~↔O↔C~2~, mean burst duration is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 5](#eqn5){ref-type="disp-formula"}, mean burst duration decreased from 145 ± 18 ms (*n* = 6) at −75 mV to 120 ± 16 ms (*n* = 6) at +75 mV, a reduction of 17% (P \< 0.05). These data are in close agreement with the mean burst duration values determined using rate constant data for the C~1~↔C~2~↔O kinetic scheme and pClamp software (19% decrease; [Fig. 5](#fig5){ref-type="fig"} C). They indicate that burst duration decreases at positive voltages.

Second, using the kinetic scheme C~1~↔C~2~↔O, mean duration of gaps within bursts is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 6](#eqn6){ref-type="disp-formula"}, mean duration of gaps within bursts increased from 1.92 ± 0.07 ms (*n* = 6) at −75 mV to 3.02 ± 0.17 ms (*n* = 6) at +75 mV, an increase of 57% (P \< 0.05). Using the kinetic scheme C~1~↔O↔C~2~, mean duration of gaps within bursts is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 7](#eqn7){ref-type="disp-formula"}, mean duration of gaps within bursts increased from 1.93 ± 0.07 ms (*n* = 6) at −75 mV to 2.93 ± 0.15 ms (*n* = 6) at +75 mV, an increase of 52% (P \< 0.05). These data are in reasonable agreement with the values of mean duration of gaps within bursts calculated using rate constant data for the C~1~↔C~2~↔O kinetic scheme and excellent agreement with values determined using pClamp software (−75 mV, 2.14 ± 0.07 ms (*n* = 10); +75 mV, 3.25 ± 0.25 ms (*n* = 10); 52% increase; P \< 0.05). They indicate that bursts become interrupted by longer brief closures at positive voltages.

Third, using the kinetic scheme C~1~↔C~2~↔O, an approximate value of interburst interval can be determined using the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 8](#eqn8){ref-type="disp-formula"}, interburst interval decreased from 113 ± 18 ms (*n* = 6) at −75 mV to 84 ± 11 ms (*n* = 6) at +75 mV, a decrease of 26% (P \< 0.05). Using the kinetic scheme C~1~↔O↔C~2~, interburst interval is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 9](#eqn9){ref-type="disp-formula"}, interburst interval decreased from 106 ± 18 ms (*n* = 6) at −75 mV to 80 ± 11 ms (*n* = 6) at +75 mV, a reduction of 25% (P \< 0.05). These data are in very good agreement with the values of interburst interval calculated using rate constant data for the C~1~↔C~2~↔O kinetic scheme, but only reasonable agreement with those values determined using pClamp software (16% decrease; [Fig. 5](#fig5){ref-type="fig"} C). They indicate that interburst interval decreases at positive voltages.

Fourth, using the kinetic scheme C~1~↔C~2~↔O, P~o~ is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 10](#eqn10){ref-type="disp-formula"}, P~o~ decreased slightly from 0.57 ± 0.04 (*n* = 6) at −75 mV to 0.56 ± 0.04 (*n* = 6) at +75 mV, a decrease of 2% (P \> 0.05). Using the kinetic scheme C~1~↔O↔C~2~, P~o~ is given by the equation ([@bib46]): $$\documentclass[10pt]{article}
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Using [Eq. 11](#eqn11){ref-type="disp-formula"}, P~o~ decreased marginally from 0.57 ± 0.04 (*n* = 6) at −75 mV to 0.56 ± 0.04 (*n* = 6) at +75 mV, a reduction of 2% (P \> 0.05). These data are in very good agreement with the values of P~o~ calculated using rate constant data for the C~1~↔C~2~↔O kinetic scheme and good agreement with values determined using pClamp software (5% decrease; [Fig. 5](#fig5){ref-type="fig"} C). However, the decrease in P~o~ calculated using rate constant data was not statistically significant, unlike that calculated using pClamp software. We attribute this subtle effect of voltage on P~o~ to the changes in mean burst duration and interburst interval counterbalancing each other.

To understand better the voltage dependence of CFTR channel gating, we calculated rate constants for both kinetic schemes at −50, −20, +20, and +50 mV and fitted the data using the single exponential function k=k~0~Pexp^k~1~V^ ([Eq. 2](#eqn2){ref-type="disp-formula"}; [Figs. 6](#fig6){ref-type="fig"} C and 7 C). To determine whether rate constants changed with voltage, we performed one-way ANOVAs. Considering first the C~1~↔C~2~↔O kinetic scheme, this test indicated that β~1~ and β~2~ did not change significantly with voltage ([Fig. 6](#fig6){ref-type="fig"} C; P \> 0.05).[2](#fn2){ref-type="fn"} In contrast, a significant difference was found between voltage and α~2~ and α~1~ ([Fig. 6](#fig6){ref-type="fig"} C; P \< 0.05).[2](#fn2){ref-type="fn"} Considering next the C~1~↔O↔C~2~ kinetic scheme, one-way ANOVAs indicated that α~1~ and β~2~ did not change significantly with voltage ([Fig. 7](#fig7){ref-type="fig"} C; P \> 0.05). In contrast, a significant difference was found between voltage and β~1~ and α~2~ ([Fig. 7](#fig7){ref-type="fig"} C; P \< 0.05). Thus, in both kinetic schemes voltage has profound effects on the gating behavior of the CFTR Cl^−^ channel. However, because in both kinetic schemes the effects of voltage on the rate constants tend to oppose one another, CFTR Cl^−^ currents exhibit only weak voltage-dependence.

Finally, using the data in [Figs. 6](#fig6){ref-type="fig"} C and 7 C, we derived values of equivalent gating charge for each of the rate constants in the two kinetic schemes ([Tables III](#tbl3){ref-type="table"} and [IV](#tbl4){ref-type="table"}) . For the C~1~↔C~2~↔O kinetic scheme, the total equivalent gating charge for CFTR is 0.32e ([Table III](#tbl3){ref-type="table"}) while for the C~1~↔O↔C~2~ kinetic scheme it is 0.28e ([Table IV](#tbl4){ref-type="table"}). These values of gating charge are threefold lower than that of ClC-0, the voltage-dependent Cl^−^ channel of *Torpedo* electric organ ([@bib19]; [@bib41]; [@bib6]) and about fortyfold lower than those of voltage-gated Na^+^, K^+^ and Ca^2+^ channels ([@bib20]).

###### 

Summary of the Fits to the Rate Constants for the C~1~↔C~2~↔O Kinetic Scheme

  Rate   k~0~    k~1~    z~g~
  ------ ------- ------- --------------
         s^−1^   V^−1^   e^−^ charges

Values of k~0~, k~1~, and z~g~ (equivalent gating charge) derived from exponential fits to the rate constants for the C~1~↔C~2~↔O kinetic scheme using dwell-time data acquired using the conditions described in [Fig. 3](#fig3){ref-type="fig"}. Rate constants were fitted with the single exponential function k=k~0~Pexp^k~1~V^ ([Eq. 2](#eqn2){ref-type="disp-formula"}) as described in the [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}. For k~0~ and k~1~, data are means ± SEM (*n* = 6). The absolute value of the total equivalent gating charge derived from addition of the individual charges for each rate constant is 0.32e.

###### 

Summary of the Fits to the Rate Constants for the C~1~↔O↔C~2~ Kinetic Scheme

  Rate   k~0~    k~1~    z~g~ (e^−^ charges)
  ------ ------- ------- ---------------------
         s^−1^   V^−1^   

Values of k~0~, k~1~, and z~g~ (equivalent gating charge) derived from exponential fits to the rate constants for the C~1~↔O↔C~2~ kinetic scheme using dwell-time data acquired using the conditions described in [Fig. 3](#fig3){ref-type="fig"}. The absolute value of the total equivalent gating charge derived from addition of the individual charges for each rate constant is 0.28e. Other details as in [Table III](#tbl3){ref-type="table"}.

Effect of Voltage on the Regulation of Channel Gating by the NBDs
-----------------------------------------------------------------

Following cAMP-dependent phosphorylation, the gating behavior of CFTR is controlled by cycles of ATP binding and hydrolysis at the NBDs ([@bib11]; [@bib48]). Previous work indicates that ADP inhibits the activity of CFTR by antagonizing ATP-dependent channel opening to prolong greatly the duration of long closures separating channel openings ([@bib52]). Conversely, the inorganic phosphate analogue, pyrophosphate (PP~i~) stimulates the activity of CFTR by increasing the frequency and prolonging dramatically the duration of channel openings ([@bib5]). We were especially interested in the effects of PP~i~ on the voltage dependence of CFTR channel gating, because PP~i~ abolished the asymmetric permeability of CFTR to large organic anions ([@bib33]). We speculated that PP~i~ might convert CFTR from an inwardly rectifying channel to a linear channel. To test this hypothesis, we examined the effect of PP~i~ on the inward rectification of CFTR Cl^−^ currents using voltage ramp protocols. As a control, we tested the effect of ADP, which is without effect on the asymmetric permeability of CFTR to large organic anions ([@bib33]).

[Fig. 8](#fig8){ref-type="fig"} A shows I-V relationships of CFTR Cl^−^ currents recorded in the absence and presence of PP~i~ (5 mM). PP~i~ (5 mM) increased CFTR Cl^−^ currents by similar amounts at both negative and positive voltages ([Fig. 8](#fig8){ref-type="fig"} B), indicating that PP~i~-stimulation of CFTR is voltage-independent. Similarly, [Fig. 9, A and B](#fig9){ref-type="fig"} , demonstrates that CFTR inhibition by ADP (1 mM) was voltage independent. Consistent with these data, neither PP~i~ (5 mM) nor ADP (1 mM) altered the inward rectification of CFTR Cl^−^ currents ([Figs. 8](#fig8){ref-type="fig"} C and 9 C).

![Pyrophosphate stimulation of CFTR Cl^−^ currents is voltage independent. (A) I-V relationships of CFTR Cl^−^ currents recorded in the absence and presence of pyrophosphate (PP~i~; 5 mM) in the intracellular solution. (B) Effect of voltage on the fraction of CFTR Cl^−^ current stimulated by PP~i~ (5 mM). Values are means ± SEM (*n* = 4) at each voltage. The continuous line is the fit of a first order regression to the data. (C) I-V relationships of CFTR Cl^−^ currents recorded in the absence (open circles) and presence (filled circles) of PP~i~ (5 mM) expressed as a percentage of the current value at −100 mV. Data are means ± SEM (*n* = 4) at each voltage. Other details as in [Fig. 1](#fig1){ref-type="fig"}.](200308921f8){#fig8}

![ADP inhibition of CFTR Cl^−^ currents is voltage independent. (A) I-V relationships of CFTR Cl^−^ currents recorded in the absence and presence of ADP (1 mM) in the intracellular solution. (B) Effect of voltage on the fraction of CFTR Cl^−^ current inhibited by ADP (1 mM). (C) I-V relationships of CFTR Cl^−^ currents recorded in the absence (open circles) and presence (filled circles) of ADP (1 mM) expressed as a percentage of the current value at −100 mV. Other details as in [Fig. 8](#fig8){ref-type="fig"}.](200308921f9){#fig9}

Voltage Dependence of the Murine CFTR Cl^−^ Channel
---------------------------------------------------

In previous work, we demonstrated that wild-type murine CFTR Cl^−^ channels have a reduced single-channel conductance, a dramatically decreased P~o~ and an altered pattern of channel gating compared with those of wild-type human CFTR ([@bib24],[@bib25]). To explore further the voltage dependence of CFTR, we investigated the effect of voltage on the activity of wild-type murine CFTR Cl^−^ channels in excised inside-out membrane patches. [Fig. 10](#fig10){ref-type="fig"} A demonstrates that at −80 mV the pattern of gating of murine CFTR is characterized by transitions between a closed state and two open states: sustained openings to a subconductance state and brief openings to a full open state ([@bib25]). At +80 mV, the gating behavior of CFTR was also characterized by prolonged openings to a subconductance state and brief openings to a full open state ([Fig. 10](#fig10){ref-type="fig"} A). However, the frequency and duration of openings to the full open state appeared to be reduced compared with those at −80 mV ([Fig. 10](#fig10){ref-type="fig"} A).

![Effect of voltage on the murine CFTR Cl^−^ channel. (A) Recordings of a single murine CFTR Cl^−^ channel at −80 mV (top) and +80 mV (bottom) made using the conditions described in [Fig. 3](#fig3){ref-type="fig"}. (B) Single-channel I-V relationships of human (open circles) and murine (filled circles) CFTR. Data are means ± SEM (*n* = 8--10) at each voltage. Other details as in [Fig. 1](#fig1){ref-type="fig"}. (C) Relationship between chord conductance and voltage for the data shown in B. (D) Effect of voltage on the P~o~ of human (left ordinate) and murine (right ordinate) CFTR. Note the change in scale. Columns and error bars indicate means ± SEM (human, *n* = 6; murine, *n* = 10). For human CFTR, voltage was −75 and +75 mV, whereas for murine voltage was −80 and +80 mV. The asterisks indicate values that are significantly different from the data at negative voltages (P \< 0.05). Other details as in [Fig. 4](#fig4){ref-type="fig"}.](200308921f10){#fig10}

To quantify the voltage dependence of the murine CFTR Cl^−^ channel, we measured i and P~o~ of the full open state. (We did not investigate the voltage dependence of the subconductance state because of its tiny single-channel current amplitude.) [Fig. 10](#fig10){ref-type="fig"} B compares the single-channel I-V relationship of murine CFTR with that of human CFTR. For murine CFTR, at +100 mV i = 73 ± 4% (*n* = 7) of that at −100 mV while for human CFTR at +100 mV i = 88 ± 2% (*n* = 10) of that at −100 mV (P \< 0.01). Consistent with these data, the chord conductance of murine CFTR decreased by 25% over the voltage range −100 to +100 mV, whereas that of human CFTR decreased by only 12% ([Fig. 10](#fig10){ref-type="fig"} C). Moreover, at each voltage tested, the chord conductance of murine CFTR was reduced compared with that of human CFTR ([Fig. 10](#fig10){ref-type="fig"} C).

[Fig. 10](#fig10){ref-type="fig"} D compares the P~o~ of human and murine CFTR at negative and positive voltages. These data demonstrate two important differences between human and murine CFTR: first, the P~o~ of the full open state of murine CFTR is much reduced compared with that of human CFTR ([Fig. 10](#fig10){ref-type="fig"} D). Second, the P~o~ of murine CFTR is greatly decreased at positive voltages, whereas that of human CFTR is little changed ([Fig. 10](#fig10){ref-type="fig"} D). For murine CFTR, the P~o~ value at +80 mV decreased by 49 ± 10% (*n* = 10) when compared with that at −80 mV (P \< 0.01). In contrast, for human CFTR, the P~o~ value at +75 mV was decreased by only 5 ± 1% (*n* = 6) when compared with that at −75 mV (P \< 0.05). Thus, these single-channel data suggest that inward rectification of murine CFTR is stronger than that of the human CFTR Cl^−^ channel.

DISCUSSION
==========

The goal of this study was to investigate the inward rectification of macroscopic CFTR Cl^−^ currents in excised inside-out membrane patches. Using three independent methods, we demonstrated that CFTR exhibits inward rectification when bathed in symmetrical Cl^−^-rich solutions. The data indicate that this inward rectification is caused both by a voltage-dependent decrease in single-channel chord conductance and by changes in the kinetics of channel gating at large positive voltages. They also suggest that inward rectification of the murine CFTR Cl^−^ channel is stronger than that of human CFTR.

In principal, inward rectification of the CFTR Cl^−^ channel might either result from channel block by a soluble factor or be an intrinsic property of the CFTR channel protein. Studies of other ion channels provide strong support for both hypotheses. For example, the inward rectification of K~ir~ channels, NMDA receptors, and cyclic nucleotide--gated channels is caused by voltage-dependent block of outward current flow by extrinsic cations. In the case of K~ir~ channels the blocking cations are intracellular Mg^2+^ and polyamines ([@bib51]; [@bib35]), whereas for NMDA receptors and cyclic nucleotide--gated channels the blocking cations are extracellular Ca^2+^ and Mg^2+^ ([@bib39]; [@bib59]). In contrast, inward rectification of KAT1, an inward-rectifier K^+^ channel from the plant *Arabidopsis thaliana*, results from an intrinsic gating mechanism ([@bib53]). Like voltage-gated K^+^ channels ([@bib20]), KAT1 possesses a voltage-sensor, the S4 segment that uses the energy of voltage to control channel gating ([@bib53]).

Several lines of evidence suggest that channel block is not likely to account for inward rectification of the CFTR Cl^−^ channel in excised inside-out membrane patches. First, changes in the composition of the intra- and extracellular solutions did not abolish inward rectification (for data and discussion, see the online supplemental material, available at <http://www.jgp.org/cgi/content/full/jgp.200308921/DC1>). Second, inward rectification has been observed using cells expressing either native or recombinant wild-type human CFTR (e.g., [@bib44]; [@bib26]; [@bib30]; this study), indicating that inward rectification is independent of the expression system used to investigate CFTR. Third, inward rectification of CFTR Cl^−^ channels reconstituted into planar lipid bilayers was unaffected by changes in the composition of the lipid bilayer ([@bib56]), suggesting that the surface charge of the membrane lipid does not affect inward rectification. Fourth, the effects of voltage on the function of the murine CFTR Cl^−^ channel (present study) indicate that inward rectification is a common characteristic of human and murine CFTR. Fifth, mutation of several residues within the MSDs alters the shape of the I-V relationship of CFTR. Inward rectification of CFTR Cl^−^ currents is accentuated by mutation of R334, T338, T339, and S341 (sixth transmembrane segment (M6); Gong and Linsdell, 2003; Linsdell et al., 1998; Gong et al., 2002), S1118 (M11; [@bib54]), and T1134 and N1138 (M12; [@bib16]). In contrast, mutation of V317 (M5; [@bib55]) causes outward rectification of CFTR Cl^−^ currents. Based on these data, we speculate that inward rectification is an intrinsic property of the CFTR Cl^−^ channel. Because ADP and PP~i~, two agents that interact with the NBDs, are without effect on inward rectification and because site-directed mutations in the MSDs enhance inward rectification, we propose that the CFTR pore determines this property of the CFTR Cl^−^ channel.

For the CFTR pore, itself, to be responsible for inward rectification, the architecture of the pore should facilitate the flow of Cl^−^ from the intra- to the extracellular side of the membrane, but hinder Cl^−^ flow in the opposite direction. To transport ions at maximal translocation rates, ion channels have evolved charged lined vestibules that concentrate and funnel ions toward the selectivity filter ([@bib14]; [@bib8], [@bib9]). Based on these considerations, inward rectification of current flow through the CFTR pore might be achieved by asymmetries in the geometry of the intra- and extracellular vestibules, differences in the distribution of Cl^−^-binding sites between the two vestibules or a combination of these factors.

Evidence for asymmetries in the topology of the intra- and extracellular vestibules is provided by studies of anion permeation and channel block. Anion permeation studies indicate that the narrowest part of the CFTR pore is ∼0.53--0.60 nm in diameter ([@bib7]; [@bib27]), widening under certain circumstances to a diameter of ∼1.3 nm ([@bib33]). This constriction, which likely represents the selectivity filter, occurs in the region of F337 and T338 in M6 because mutation of these residues altered dramatically the anion permeability sequence of CFTR, whereas mutation of other residues in M6 had less marked effects on anion permeation ([@bib28], [@bib29]; [@bib37]; [@bib12]; [@bib17]). On the intra- and extracellular sides of this constriction, the pore enlarges. The voltage dependence of channel block by large organic anions suggests that the CFTR pore contains a wide intracellular vestibule that funnels blocking anions deep into the pore where they bind, occlude the pore, and block Cl^−^ permeation ([@bib31]; [@bib47]; [@bib21]; [@bib58]). Less is known about the topology of the extracellular end of the CFTR pore. Based on the ability of methanethiosulphonate reagents in the extracellular solution to react with M6 residues toward the cytosolic side of the membrane ([@bib7]), there might also be a wide extracellular vestibule. However, the inability of open-channel blockers to reach their binding sites when added to the extracellular solution and the short length of extracellular loops 3 and 6 led [@bib36] to propose that CFTR has a small extracellular vestibule. Consistent with this idea, [@bib32]([@bib33]) demonstrated that CFTR exhibits an asymmetric permeability to large organic anions (e.g., galacturonate, glutathione, and lactobionate). During the normal gating cycle, flow of large organic anions through the CFTR pore is only permitted in the intra- to extracellular direction ([@bib32],[@bib33]).

The sixth transmembrane segment plays a crucial role in determining the pore properties of CFTR ([@bib48]; [@bib36]; [@bib12]). Within M6, the residues R334 ([@bib49]; [@bib13]), K335 ([@bib1]), F337 ([@bib29]), T338 ([@bib28]), S341 ([@bib38]), I344 ([@bib12]), and possibly R352 ([@bib15]; [@bib12]) contribute to Cl^−^-binding sites. Assuming that the narrowest part of the CFTR pore occurs in the region of F337 and T338 (see above and [@bib28], [@bib29]; [@bib37]; [@bib12]; [@bib17]), the data suggest that three Cl^−^-binding sites (S341, I344, and R352) might be located in a spacious intracellular vestibule, whereas two Cl^−^-binding sites (R334 and K335) might be located in a more confined extracellular vestibule. This simple model suggests that current flow through the CFTR pore might inwardly rectify. However, an important caveat of this model is that present knowledge of the mechanism of anion permeation by the CFTR Cl^−^ channel is incomplete and it is quite likely that residues in other transmembrane segments contribute to Cl^−^-binding sites. Nevertheless, asymmetries in the size of the intra- and extracellular vestibules and/or the distribution of Cl^−^-binding sites within the CFTR pore are plausible explanations for the inward rectification of CFTR Cl^−^ currents.

Besides the architecture of the CFTR pore, voltage-dependent gating might make some contribution to the observed inward rectification of current flow through the CFTR Cl^−^ channel. Work by other investigators and ourselves demonstrate that CFTR channel gating exhibits voltage dependence despite the lack of a marked effect of voltage on P~o~. First, using cell-attached membrane patches from NIH 3T3 fibroblasts expressing wild-type human CFTR, [@bib10] demonstrated that slow (ATP dependent) gating is voltage independent, whereas fast (flickery intraburst) gating is voltage dependent, becoming the dominant gating mode at strong negative voltages. Second, using excised membrane patches from *Xenopus* oocytes expressing wild-type human CFTR, [@bib55] demonstrated that burst duration increases at negative voltages, whereas interburst interval is unaffected by voltage. Third, to investigate the flickery closures that interrupt bursts of channel openings, [@bib57] analyzed the gating kinetics of the CFTR variant K1250A whose prolonged openings facilitate the discrimination of fast and slow gating events. [@bib57] found that the rate of transition from the short-lived closed state to the open state exhibits voltage dependence and is sensitive to permeant anions in the extracellular solution, suggesting that brief flickery closures represent the voltage-dependent occupancy of an anion-binding site within the CFTR pore by unknown intracellular anions.

To elucidate the effects of voltage on CFTR channel gating, we adopted a different strategy to other investigators. We employed kinetic modeling to analyze the gating behavior of single wild-type human CFTR Cl^−^ channels in excised membrane patches bathed in symmetrical Cl^−^-rich solutions at 37°C and lightly filtered our data. Using this approach, we determined the effect of voltage on both fast and slow gating events. Our data indicate that voltage has significant effects on CFTR channel gating. Membrane depolarization decreased both the duration of bursts and the interburst interval, but increased the duration of gaps within bursts. However, because the voltage dependencies of the different rate constants were in opposite directions, P~o~ was largely unaffected by voltage. The voltage independence of P~o~ and the lack of effect of ADP and PP~i~ on the inward rectification of CFTR Cl^−^ currents argue that changes in CFTR channel gating do not contribute to the rectification of macroscopic CFTR Cl^−^ currents. However, other data suggest the contrary. First, the predicted CFTR Cl^−^ current (N × i × P~o~) at +100 mV, which is accounted for by reductions in both i and P~o~, agrees closely with the measured CFTR Cl^−^ current at this voltage. Second, the P~o~ of murine CFTR is decreased markedly at positive voltages. Third, comparison of the data of [@bib49] and [@bib13] suggests that the strong inward rectification of the CFTR variant R334C is not accounted for by voltage-dependent changes in i. Based on these data, we argue that voltage-dependent changes in CFTR channel gating contribute to the inward rectification of macroscopic CFTR Cl^−^ currents.

Our data indicate that the total equivalent gating charge for CFTR is only ∼0.30e. The small size of the gating charge of CFTR is consistent with the lack of marked voltage dependence of CFTR channel gating. The data suggest that residues with charged and uncharged polar side chains move only a very small distance within the transmembrane electric field. These residues might be located either along the full-length of the CFTR pore or restricted to a specific region of the permeation pathway. Alternatively, linear three-state kinetic schemes might be too simple to describe the voltage dependence of CFTR channel gating. Because the total equivalent gating charge of CFTR is comparable to the amount of charge movement intrinsic to the voltage-dependent Cl^−^ channel ClC-0 ([@bib6]), we favor the former idea. The amino acid sequence of ClC-0 lacks a motif equivalent to the S4 segment, the voltage sensor of voltage-gated cation channels ([@bib20]). Instead, permeant anions in the extracellular solution act as the source of the gating charge ([@bib41]; [@bib6]). The binding of Cl^−^ ions to a Cl^−^-binding site located at the extracellular end of the ClC-0 pore causes a conformational change that precedes channel opening and inward Cl^−^ flow ([@bib6]). Because bound Cl^−^ ions traverse the transmembrane electric field, gating is both voltage and Cl^−^ concentration dependent ([@bib41]; [@bib6]). Excitingly, the structural basis of this gating mechanism has been elucidated following the determination of high-resolution crystal structures of bacterial CLC proteins ([@bib8], [@bib9]). In these bacterial CLC channels, the Cl^−^-binding site closest to the extracellular end of the selectivity filter is gated by the carboxyl group of glutamate (E)148 that protrudes into the CLC channel pore: when the carboxyl group of E148 is bound to the Cl^−^-binding site the pore is closed, but when a Cl^−^ ion binds the pore opens to allow Cl^−^ permeation ([@bib8], [@bib9]).

The regulation of CLC channel gating by localized motions of an amino acid side chain ([@bib9]) raises the question as to whether a similar mechanism might operate in the CFTR Cl^−^ channel. However, anion permeation through the CFTR pore is tightly linked to the function of the NBDs that power channel gating. For example, [@bib23] recently demonstrated that glutathione permeation through the CFTR pore is controlled by ATP binding rather than ATP binding and hydrolysis as in the case of Cl^−^ permeation. These data suggest that global conformation changes in the structure of the CFTR protein control Cl^−^ permeation, not local changes in the orientation of amino acid side-chains. If this idea were correct, it would suggest that CFTR channel gating shares similarities with activation gating in K^+^ channels that involves the reorientation of transmembrane α-helices ([@bib22]). Future studies should test this possibility.
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Although very small, the membrane currents evoked by the voltage ramp protocol under basal conditions outwardly rectified. For example, at −100 mV basal current was −0.88 ± 0.20 pA and at +100 mV basal current was 2.00 ± 0.37 pA (*n* = 10). When basal currents were subtracted from those recorded in the presence of ATP (1 mM) + PKA (75 nM), the outward rectification of basal current accounted for 6 ± 2% (*n* = 10) of the inward rectification of CFTR Cl^−^ current at +100 mV.

In contrast to analyses of rate constant values at ±75 mV using Student\'s paired *t* test, some analyses of rate constant data over the range −75 to +75 mV using one-way ANOVAs failed to achieve statistical significance. We attribute this difference to the fact that paired data were used for analyses using Student\'s paired *t* test, but pooled data were used for one-way ANOVAs.
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